The discovery of the rhythmogenic pre-Bötzinger complex (preBötC) inspiratory network, which remains active in a transverse brainstem slice, greatly increased the understanding of neural respiratory control. However, basic questions remain unanswered such as (1) What are the necessary and sufficient slice boundaries for a functional preBötC? (2) Is the minimal preBötC capable of reconfiguring between inspiratory-related patterns (e.g., fictive eupnea and sighs)? (3) How is preBötC activity affected by surrounding structures? Using newborn rat slices with systematically varied dimensions in physiological [K ϩ ] (3 mM), we found that a 175 m thickness is sufficient for generating inspiratory-related rhythms. In 700-m-thick slices with unilaterally exposed preBötC, a kernel Ͻ100 m thick, centered 0.5 mm caudal to the facial nucleus, is necessary for rhythm generation. Slices containing this kernel plus caudal structures produced eupneic bursts of regular amplitude, whereas this kernel plus rostral tissue generated sighs, intermingled with eupneic bursts of variable amplitude ("eupnea-sigh pattern"). After spontaneous arrest of rhythm, substance-P or neurokinin-1 (NK1) receptor agonist induced the eupnea-sigh burst pattern in Ն250-m-thick slices, whereas thyrotropin-releasing hormone or phosphodiesterase-4 blockers evoked the eupnea burst pattern. Endogenous rhythm was depressed by NK1 receptor antagonism. Multineuronal Ca 2ϩ imaging revealed that preBötC neurons reconfigure between eupnea and eupnea-sigh burst patterns. We hypothesize a (gradient-like) spatiochemical organization of regions adjacent to the preBötC, such that a small preBötC inspiratory-related oscillator generates eupnea under the dominant influence of caudal structures or thyrotropin-releasing hormone-like transmitters but eupnea-sigh activity when the influence of rostral structures or substance-P-like transmitters predominates.
Introduction
The pre-Bötzinger complex (preBötC) contains neurons that are necessary for generating inspiratory-related rhythm and remain active in a transverse brainstem slice from perinatal rodents (Smith et al., 1991) . Since its first description, numerous in vitro and in vivo reports support the hypothesis that the preBötC is a pivotal rhythmogenic inspiratory network Feldman and Del Negro, 2006) . Despite the importance of the preBötC discovery for the understanding of neural respiratory control, fundamental questions remain unanswered. For example, the rostrocaudal boundaries of regions necessary and sufficient for generation of inspiratory-related behaviors in preBötC slices have not been defined. Furthermore, it is proposed that the preBötC can reconfigure between distinct inspiratory-related patterns, including fictive eupnea-or sigh-like activities, in slices Ͼ500 m thick (Lieske and Ramirez, 2006a,b; Tryba et al., 2006) . It is not known whether the preBötC retains its capacity for reconfiguration when isolated in a thinner slice. Alternatively, the reconfiguration may be driven by more rostral or caudal structures. Specifically, the preBötC is neighbored and presumably influenced by other respiratory groups, such as the parafacial respiratory group/retrotrapezoid nucleus complex (Onimaru and Homma, 2003; Mulkey et al., 2004) and nonrespiratory modulatory areas such as the raphe (Richerson, 2004; Feldman and Del Negro, 2006) . If the presumptive capability of the preBötC to generate different inspiratory-related behaviors depends on input from rostrocaudally neighboring structures, it is possible that slices lacking these structures cannot produce such activities. Here, we tested this hypothesis and also assessed basic features of inspiratory-related activity such as burst rates and longevity of rhythm in solution of physiological (3 mM) [K ϩ ] in slices with systematically varied boundaries and thickness using "on-line histology" .
We found that the minimal preBötC slice thickness that is sufficient for generation of inspiratory rhythm is 175 m, whereas a kernel of rhythmogenic tissue Ͻ100 m appears to be necessary for bursting in 700 m slices with the preBötC exposed to one surface. The latter slices generated fictive eupnea bursts with regular amplitude and frequency when the preBötC was isolated with caudal tis-sue. Conversely, fictive sighs intermingled with rhythmic activity of variable amplitude, but burst duration typical for eupnea, were generated in 700 m slices containing the preBötC plus rostral tissue. In these preparations, and in 250 -500 m slices with the preBötC in the center, thyrotropin-releasing hormone (TRH) and cAMPdependent phosphodiesterase-4 blockers induced the eupnea burst pattern after spontaneous arrest of rhythm ("in vitro apnea"), whereas substance-P (SP) and neurokinin-1 (NK1) receptor agonist evoked the eupnea-sigh burst pattern. Multicellular Ca 2ϩ imaging revealed that preBötC neurons active during eupnea are active also during the eupnea-sigh burst pattern. This supports the previous hypothesis that these behaviors derive from preBötC reconfiguration (Lieske et al., 2000) .
We hypothesize that a small rhythmogenic preBötC kernel can reconfigure to produce either a eupnea or a eupnea-sigh inspiratory-related burst pattern in physiological [K ϩ ]. The former emerges when the influence of caudal structures or TRHlike transmitters is dominant, whereas the latter emerges when the influence of rostral structures or SP-like transmitters is dominant.
Materials and Methods
Preparation and solutions. Experiments were performed on brainstem slices from Sprague Dawley (S-D) and Wistar (W) rats between postnatal day 0 (P0) and P4. All procedures were performed in compliance with the guidelines of the Canadian Council for Animal Care and with the approval of the University of Alberta Health Animal Care and Use Committee for Health Sciences. Rats were anesthetized with isoflurane until the paw withdrawal reflex disappeared. They were then decerebrated, and the neuraxis was isolated at 19 -22°C in superfusate containing (in mM) 120 NaCl, 3 KCl, 1 CaCl 2 , 2 MgSO 4 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 20 D-glucose, pH adjusted to 7.4 by gassing with 95% O 2 , 5% CO 2 . For some experiments, superfusate [K ϩ ] was increased by the addition of KCl. After removal of the cerebellum and transection slightly rostral to the caudal cerebellar artery and just rostral to the C 1 spinal segment ( Fig.  1 A) , the brainstem was glued rostral side down to a metal plate, and preBötC slices with defined boundaries were generated using on-line histology (Fig. 1 B) . Serial sections were made with a Vibratome (VT1000S; Leica, Richmond Hill, Ontario, Canada) in the caudorostral direction starting at the caudal end of the inferior olive. Section thickness was reduced to 100 m when approaching the level for generating a rhythmic slice as evidenced by respiratory marker structures, in particular the subnuclei of the inferior olive. These structures in the prerhythmic slices were compared with a newborn rat brainstem atlas to predetermine, on-line, the rostrocaudal position of the prospective rhythmic slice . When necessary, the thickness of the last prerhythmic slice was Ͻ100 m to produce a rhythmic slice with a specific boundary. For "off-line" analysis of slice boundaries, prerhythmic and postrhythmic "frame" sections were fixed (see below, Agents) and stained with thionin ( Fig. 1 B) .
Boundaries determined previously via surface values in 500-m-thick slices with the preBötC in the middle (m-preBötC[500] slices) were very similar to targeted values, although a 50 -100 m gap between the rhythmic slices and the adjacent frame sections had to be taken into account . Here, boundaries of Ͻ300-m-thin m-preBötC slices according to the determination of surface structures were 25-50% smaller than tissue thickness. The physical thickness of 200-m-thin sectioned agar blocks or living slices cut in superfusate indicated that the error of vibratome cutting was Ͻ8%. Thus, the mean values between slice surface and frame were used instead of the slice surface value alone to identify the boundaries in Ͻ300-m-thick slices. In addition to m-preBötC slices of 175-700 m thickness, 700-m-thick slices containing either "rostral" brainstem tissue plus the preBötC (rϩpreBötC slices) or "caudal" tissue plus the preBötC (cϩpreBötC slices) were used. The complete label for slices included two numbers; the first indicates their thickness, and the second indicates the individual or mean distance from the caudal margin of the facial (VII) motor nucleus (VII c ). A negative sign represents the location caudal to VII c of the caudal slice boundary. However, for cϩpreBötC slices, the value reported is the distance from their rostral boundary to VII c (Fig. 1) . The final components of the label refer to rat strain and age. Thus, a 500-m-thick slice ] of the isolated inspiratory preBötC neuronal network. A, Rostrocaudal extensions in postnatal day P0 -P4 S-D or W rats of brainstem marker nuclei for generating rhythmic preBötC slices. The data stem from 15 fixed brainstems plus 11 brainstems sectioned in saline used for studying slice functions. The small SDs indicate a high constancy of these nuclei during early postnatal development.TheboundariesofpreBötCslicesareidentifiedbythedistance(inmillimeters,negativesign indicating caudal location) from the caudal end of the facial (VII) motor nucleus (VII c ) by comparing structures in the pre/postrhythmic slices with those in a newborn rat brainstem atlas (Ruangkittisakul etal.,2006 )(seeB).DMCC,Dorsomedialcellcolumnofinferiorolive;IO,inferiorolive;IOM,medialinferior olive;IOD,dorsalinferiorolive;IOP,principalinferiorolive;IOP loop ,lateralloopofIOP;LRN,lateralreticular nucleus; LRN div , LRN divided into medial and lateral subnuclei; VII med , medial subnucleus of VII; VII ven ,ventralsubnucleusofVII;XII,hypoglossalnucleus;DP,pyramidaldecussation;BA,basilarartery;CCA, caudalcerebellarartery;V,VI,IX,andX,trigeminal,abducens,glossopharyngeal,andvagalnerves,respectively.B,Forthedeterminationofregionsthataresufficientornecessaryforthegenerationofinspiratoryrelated rhythm, slices were generated of different thickness with the preBötC in the middle (m-preBötC slices), or containing either caudal or rostral tissue plus the preBötC (cϩpreBötC and rϩpreBötC slices) (valuesinbracketsindicateslicethicknessinmicrometersandboundaryinmillimeters;seealsoleftpanelof A).ThecalibrationbarisidenticalforallslicesinB.TheleftsliceinthetoprightboxshowstheϪ0.65section from the atlas corresponding to the caudal surface of the rϩpreBötC[700/Ϫ0.65] slice. The right slice shows the Ϫ0.40 section from the atlas corresponding to the rostral boundary of the cϩpreBötC[700/ Ϫ0.40]slice. from a P3 W rat with the preBötC in the middle and a caudal surface 0.71 mm caudal to VII c was labeled m-preBötC[500/Ϫ0.71]W-P3. Rhythmic slices were immediately fixed caudal side up (except cϩpreBötC slices) with insect pins on the silicone layer covering the bottom of the recording chamber (volume, 1.5 ml). Superfusate was administered at a flow rate of 5 ml/min via a peristaltic pump (Watson-Marlow Alitea-AB; Sin-Can, Calgary, Alberta, Canada). Superfusate temperature in the recording chamber was 25-27°C (TC-324B; Harvard Apparatus, Saint-Laurent, Quebec, Canada).
Agents. Drugs and solutions included the following: TRH (0.5-100 nM; stocks, 1 M and 1 mM in H 2 O), GR82334 (2.5 M; stock, 1 mM in H 2 O), GR73632 (2.5-10 nM; stock, 1 mM in H 2 O), SP (25-100 nM; stock, 1 mM in dimethylsulfoxide), rolipram (1 M; stock, 1 mM in dimethylsulfoxide), theophylline (2.5 mM; added to superfusate), fluo-4-AM (0.5 mM; stock, 5 mM in dimethylsulfoxide with 20% pluronic acid), agar-agar ( Histological procedures. For staining, frame sections were sequentially incubated (after Ͼ15 min of fixation) in phosphate buffer (2 min), thionin solution (45 s), phosphate buffer (2 min), 50% ethanol (4 min), and finally, phosphate buffer (2 min). Sections were then transferred on a hanging drop glass slide (Fisher Scientific) to a microscope (Standard 16; magnification, 32ϫ; Zeiss, Jena, Germany) and photographed (PL-A642-1.3 Megapixel; PixeLINK, Ottawa, Ontario, Canada). After the experiments, rhythmic slices were fixed overnight and stained using the same procedure, except these thicker slices were immersed in thionin for 90 s. Stained rhythmic slices were photographed (PL-A686-6.6 Megapixel; PixeLINK) in phosphate buffer under a stereo microscope (Zeiss SR15; magnification, 32ϫ) (Fig. 1 B) .
Electrophysiological recording. Neuronal population activities were differentially recorded (DAM 50; WPI, Sarasota, FL) via suction electrodes (outer diameter, 80 -250 m) filled with superfusate. Electrodes were positioned in the ventrolateral regions of the slices (supplemental Figs. S1, S2, available at www.jneurosci.org as supplemental material) for (simultaneous) monitoring of bursting within the bilaterally organized ventral respiratory column that includes the preBötC (Alheid et al., 2004) . Signals were amplified (10,000 times), bandpass filtered (0.3-3 kHz), integrated, and digitally recorded at a sampling rate of 1-4 kHz (Powerlab/8SP; ADInstruments, Colorado Springs, CO).
Multiphoton/confocal Ca 2ϩ imaging. The activity of multiple preBötC neurons was simultaneously assessed with Ca 2ϩ imaging . The membrane-permeant, Ca 2ϩ -sensitive dye fluo-4-AM was backfilled into a broken (5-10 m outer diameter) patch pipette and pressure injected (0.7-1.0 psi, 10 min) into the preBötC while inspiratory rhythm was monitored electrophysiologically from the contralateral preBötC. Fluorescence signals were assessed with a confocal microscope (Olympus FV300, Fluoview software; Carsen Group, Markham, Ontario, Canada) or a FV300 connected to a Ti:Sa laser (Coherent, Santa Clara, CA) for multiphoton imaging. Ca 2ϩ oscillations, cell bodies, and primary dendrites could be resolved in areas of 200 -300 m diameter at tissue depths up to 60 m for confocal and 90 m for multiphoton microscopy. Rhythmic Ca 2ϩ rises were visualized as increases in fluo-4-AM fluorescence intensity in up to 15 cells (typically 3-8 cells) per single xy-image plane. Stained regions were monitored using a 2-3ϫ digital zoom at reduced settings for y-axis scanning. Compared with full-frame acquisition (512 ϫ 512 pixels), such "clipped mode" imaging sampled an area of 512 ϫ 100 -220 pixels and provided scan rates of 1.25-1.43 scans/s, sufficient to detect 70 -100% of the peak of inspiratory-related Ca 2ϩ rises. Data analysis. The inspiratory burst rate was averaged every 20 min over 2 min time windows. The "longevity" of inspiratory rhythms was defined as the time from start of the continuous recording until the time when the period between consecutive bursts exceeded 5 min. The rise time of bursts was defined using ClampFit software (Molecular Devices, Chicago, IL) as the time interval from when the signal increased above a threshold set at 10 -100% of the peak amplitude for that burst. Burst duration, defined as the time period from when the signal exceeded to the point when it fell below the 50% value of the peak amplitude ("halfwidth"), and rate were analyzed at both 20 and 80 min after the start of recording (see above) by averaging Ͼ10 consecutive bursts (except for sighs, in which at least three events were averaged). Irregularity scores for burst amplitudes were determined for each cycle using the formula S n ϭ 100 ϫ ABS (X n Ϫ X nϪ1 )/X nϪ1 , where S n is the irregularity score for the nth cycle, ABS is the absolute value, and X n and X nϪ1 are peak amplitude of the nth cycle and the previous cycle, respectively. Frequency irregularity scores were assessed by the same formula with X representing the time interval between bursts. For the determination of signal-to-noise ratios, the peak amplitude of an inspiratory burst was normalized to the thickness of the trace of suction electrode recording in the absence of rhythmic bursting. Pharmacologically reactivated rhythms were described by averaging burst rates over a 2 min time period at steady state (i.e., when drug had evoked a maximal and stable effect). Values are means Ϯ SEM, except for histology (means Ϯ SD). Significance (*p Ͻ 0.05; **p Ͻ 0.01) was determined with Student's t tests using SigmaPlot (Systat Software, Point Richmond, CA).
Anatomical preconditions for determination of necessary and sufficient preBötC boundaries. The original report on the discovery of the preBötC estimated that its rostrocaudal extension necessary for the generation of inspiratory rhythm spans ϳ225 m (Smith et al., 1991) . This value was derived based on regions necessary for the generation of inspiratoryrelated nerve bursts that were common to rhythmic newborn rat brainstem-spinal cord preparations serially sectioned in either rostrocaudal or caudorostral directions (Smith et al., 1991) . Based on the analysis of 15 fixed brainstems, we have recently produced a brainstem atlas for neonatal P0 -P4 S-D and W rats , thereby covering the age range most commonly used for preBötC slices from this species (Smith et al., 1991; Funk et al., 1993; Rekling and Feldman, 1998) . In our previous study, the relative positions of respiratory brainstem marker nuclei were plotted in a sagittal plane in relation to the preBötC, the center of which was hypothesized to be located ϳ0.5 mm caudal to VII c . Here, we analyzed an additional 11 unfixed brainstems kept during slicing (100 m sections) in the same type of saline used to study preBötC slice functions. The mean values Ϯ SD of the extensions of respiratory marker nuclei in these preparations were identical to those of the fixed brainstems showing that fixation artifacts were minimal for the generation of the reference atlas. The mean values Ϯ SD of the rostrocaudal extensions of marker nuclei in all 26 preparations were reported in relation to VII c and projected on the ventral brainstem surface to show the anatomical content and borders, referred to VII c , of the different types of preBötC slices with systematically varied boundaries and/or thicknesses ( Fig. 1 A) . Specifically, these were 175-to 700-m-thick m-preBötC, rϩpreBötC[700], and cϩpreBötC[700] slices. These slices were generated with on-line histology, and their boundaries were determined after fixation and thionin staining after the experiments (Fig. 1 B) .
Criteria for identification and classification of inspiratory-related bursting. In the present study, we determined the rostrocaudal preBötC boundaries that are necessary and sufficient for the generation of inspiratory-related behaviors in 3 mM K ϩ solution in brainstem slices with systematically varied boundaries and/or thickness ( Fig. 1) . We also tested the hypothesis that the capability of the preBötC to generate distinct inspiratory-related behaviors is differentially influenced by input from rostrocaudally neighboring structures. Before this, the baseline inspiratory burst behavior (e.g., duration, rise time) of "reference" slices with an undisturbed preBötC was established to facilitate comparison of burst parameters with those generated by the novel slices with exposed (and reduced) preBötC. These 500-and 700-m-thick m-preBötC slices generated three types of inspiratory activities in oxygenated 3 mM K . The burst patterns comprised either a uniform eupnea burst pattern or a pattern in which eupneic bursts were intermingled with either sighs ("eupnea-sigh burst pattern") or biphasic bursts ("eupneabiphasic burst pattern").
Properties that discriminate these different burst patterns are described in the supplemental material (available at www.jneurosci.org). In brief, a burst was counted as a sigh compared with eupneic bursts in the same slice if it had (1) a greater amplitude, (2) a longer duration, (3) a longer rise time, and (4) postsigh inhibition (of burst rate and/or amplitude). Conversely, a burst was counted as a biphasic burst if, compared with eupneic bursts in the same slice, it had (1) a longer duration and (2) a secondary peak that was similar in amplitude to the first peak.
Results
The rostrocaudal preBötC boundaries that are sufficient and necessary for the generation of inspiratory-related behaviors in 3 mM K ϩ were determined in preBötC slices by systematically varying their boundaries and/or thickness (Fig. 1) . This approach included the analysis of whether distinct inspiratory-related burst patterns including fictive eupnea and sighs depend on slice dimensions. In addition, multiphoton/confocal Ca 2ϩ imaging was used to test the previous hypothesis that the preBötC reconfigures between distinct inspiratory-related burst patterns.
Slice thickness sufficient for inspiratory-related rhythm in 3 mM K ؉ First, we tested whether 250 m or thinner m-preBötC slices generate inspiratory rhythm in 3 mM K ϩ . In eight m-preBötC[250/Ϫ0.65] slices, rhythmic bursts had maximal amplitudes in the typical ventrolateral respiratory surface region (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material), and rhythm lasted 99 Ϯ 14 min (Fig.  2 A) . In contrast, rhythmic bursting was seen neither in this "hot spot" nor surrounding regions in six other 250 m slices with borders deviating Ն100 m from the mean margin of the rhythmic slices (Fig. 2 A) . Similar bursting was seen for 103 Ϯ 13 min exclusively in the same respiratory region of six m-preBötC[200/ Ϫ0.63] slices ( Fig. 2 A and supplemental Fig. S2 , available at www. jneurosci.org as supplemental material). Also, two m-preBötC[175] slices showed rhythmic bursting in the respiratory hot spot, in contrast to lack of rhythmic bursting in this or surrounding regions in five other 175 m slices with similar boundaries (Fig. 2 A) . The most typical bursts in the m-preBötC[250] slices had a rather uniform amplitude with a good signal-to-noise ratio (4.2 Ϯ 0.5; n ϭ 4) (Fig. 2 B-D and supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). In Ͼ50% of these slices, the maximal amplitude and rate of such bursts developed over a time period of ϳ20 min after the start of recording. At this time, the rate of these bursts was 4.3 Ϯ 0.7 bursts/min (n ϭ 4) and remained constant for the next hour (2.7 Ϯ 0.8 bursts/min at 80 min) ( Fig. 2 B and supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). In six of the eight m-preBötC[250] slices, 2-15 bursts with a smaller and variable amplitude occurred in the interval between the robust bursts at a rate of 8.0 Ϯ 2.2 bursts/ min (n ϭ 4) at 20 min of recording (Fig. 2C,D) . Compared with the large-amplitude bursts, the bursts with variable amplitude were significantly smaller at 20 min (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). At 80 min, a quantitative comparison of both burst types was not possible because of a progressive attenuation of the smaller bursts that started after Ͼ40 min and was followed by their disappearance (Fig. 2C) . The latter features resembled the eupnea-sigh burst pattern in a subgroup of 500-or 600-m-thick m-preBötC slices (supplemental Figs. S3, S4, available at www.jneurosci.org as supplemental material). The large bursts in the m-preBötC [250] slices had a shape similar to sighs in thicker m-preBöt slices and also a significantly longer duration and rise time than the smaller bursts (supplemental Figs. S4, S5, available at www.jneurosci.org as supplemental material). Thus, we propose that this burst pattern is a eupnea-sigh pattern. Also, the burst pattern in four of the six rhythmic m-preBötC [200] slices was characterized by sighlike bursts with a signal-to-noise ratio of 2.7 Ϯ 0.4 (n ϭ 4) that were intermingled with 2-15 eupneic bursts of significantly smaller amplitude and duration (Fig. 2 E and supplemental Fig.  S4 , available at www.jneurosci.org as supplemental material). As in the 250-m-thin slices, it took up to 20 min until the amplitude and rate of the sighs were maximal, whereas the eupneic bursts started to decrease progressively in amplitude after time periods Ͼ40 min. The rate of eupneic bursts at 20 min was 7.4 Ϯ 2.6 bursts/min (n ϭ 4) compared with a sigh rate of 3.6 Ϯ 0.8 bursts/min (n ϭ 4) that did not change in the next hour (5.6 Ϯ 2.0 bursts/min) (supplemental Fig. S5 , available at www. jneurosci.org as supplemental material). The other two m-preBötC [200] slices and two of the eight m-preBötC [250] slices showed rhythmic activity consisting primarily of sighs ( Fig.  2 B, E) . In all eight m-preBötC[250] and 50% of m-preBötC [200] slices, all sighs and most eupneic bursts were bilaterally synchronous, at least at 20 -50 min (Fig. 2 B-E) . Asynchronous bilateral activity was seen in the remaining m-preBötC [200] slices.
After onset of in vitro apnea, 6 mM K ϩ restored in all m-preBötC[250] slices bilaterally synchronous bursting resembling the original pattern (Fig. 2 B, C) . In three of these slices, the addition to 3 mM K ϩ solution of the clinical respiratory stimulant theophylline (2.5 mM) (Bhatia, 2000) resulted in a eupnea burst pattern. Application of TRH (1-100 nM) and rolipram (1 M) in 3 mM K ϩ during in vitro apnea also evoked a eupnea burst pattern, whereas SP (25-100 nM) or the NK1 receptor agonist GR73632 (2.5-10 nM) elicited bursting with a eupnea-sigh pattern similar to m-preBötC[500] slices (Figs. 2 B-D, 3) . Also, in all m-preBötC[200] slices, 6 mM K ϩ restored bilaterally synchronous rhythm, the burst amplitude and rate of which were further enhanced and transformed into a eupnea pattern by 2.5 mM theophylline (Fig. 2 E) . TRH, rolipram, or SP was not tested, because the capability of 200 m slices to generate rhythm appeared to deteriorate after Ͼ3 h (i.e., after the test for longevity, 6 mM K ϩ , and theophylline). Burst parameters were not quantified in the two active m-preBötC[175] slices because the signal-to-noise ratio was too low (Ͻ1.5) and bursting was quite irregular in 3 mM K ϩ . These slices showed rhythmic activity for 33 and 38 min with a maximal rate of 4.0 and 2.8 bursts/min, respectively. One slice showed bilaterally nonsynchronous bursts, whereas the other generated only unilateral activity. During in vitro apnea, 6 mM K ϩ (plus 2.5 mM theophylline) increased the signal-to-noise ratio to Ͼ2 and elicited synchronous bursts in these slices.
These results showed that slices as thin as 175 m can generate inspiratory-related rhythm in 3 mM K ϩ . The area between ϳ0.42 and 0.59 mm caudal to VII c , contained in these slices, is also common to rhythmic 200 -250 m slices (Fig. 2 A) . The typical burst pattern in most 200-to 250-m-thin slices resembles the eupnea-sigh pattern in some 500-or 600-m-thick m-preBötC slices.
Necessary preBötC boundaries in 700 m slices with exposed preBötC Next, inspiratory-related bursting in 3 mM K ϩ was assessed in 700-m-thick slices in which the preBötC was exposed, more or less, at either their rostral or caudal surface. Ten cϩpreBötC[700/ Ϫ0.42] slices generated rhythmic bursts for 121 Ϯ 22 min, whereas rhythm lasted 137 Ϯ 14 min in 12 rϩpreBötC[700/ Ϫ0.58] slices (Fig. 4 A) . In both types of slices, burst amplitudes were maximal, with a good signal-to-noise ratio (Ͼ4), in the typical respiratory hot spot, even when slice boundaries were Ͻ100 m distant to the proposed location of the preBötC center (i.e., 0.5 mM caudal to VII c ) ( Fig. 1 A and supplemental Figs. S2,  S4 , available at www.jneurosci.org as supplemental material). In .65]W-P1 slice showed bilaterally synchronous robust bursts with a pattern resembling the eupnea-sigh pattern (although with very-small-amplitude eupneic bursts) in thicker slices (compare supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). This rhythm was stable for Ͼ90 min, before it stopped spontaneously (in vitro apnea) shortly after 120 min. Sighs and smaller-amplitude eupneic bursts were activated by 6 mM K ϩ , whereas SP, after return to 3 mM K ϩ solution, evoked primarily sighs. C, A m-preBötC[250/Ϫ0.65]W-P1 slice generated bilaterally synchronous bursts resembling the eupnea-sigh pattern in thicker slices (supplemental Figs. S1,S3, available at www.jneurosci.org as supplemental material). The burst pattern became more irregular after Ͼ60 min, partly because of disappearance of the eupneic bursts, but rhythm persisted for an additional 106 min, before rhythm stopped. A 6 mM K ϩ solution reactivated both sighs and eupneic bursts, whereas SP elicited sighs and intermittent very-small-amplitude eupneic bursts. D, After in vitro apnea after 113 min in a m-preBötC[250/Ϫ0.68]W-P1 slice, TRH evoked a regular pattern of eupneic bursts, whereas subsequent application after washout of TRH of the NK1 receptor agonist GR73632 evoked sighs at rather low-rate and intermittent very-smallamplitude eupneic bursts. E, Twenty minutes after the start of the recording, bilaterally synchronous bursting in the m-preBötC[200/Ϫ0.60]W-P0 slice of Figure 1 B reached a maximal amplitude. Burst amplitude decreased, and rate slowed after 63 min to 2 bursts/min and remained at that level for an additional 80 min before rhythm stopped. Synchronous bursting of sighs and unilateral eupneic bursts were reactivated by 6 mM K ϩ , whereas the addition of 2.5 mM theophylline to 6 mM K ϩ solution resulted in a faster rhythm with a eupnea pattern.
contrast, nonrhythmic slices did not show any type of phasic bursting in the ventrolateral hot spot or surrounding regions. The rostrocaudal brainstem region common to rhythmic slices of both types was Ͻ100 m, centered at ϳ0.5 mm caudal to VII c , and corresponds to the preBötC extent necessary for generation of inspiratory-related rhythm in 700-mthick slices (Fig. 4 A) .
Distinct inspiratory patterns in 700 m slices with exposed preBötC Despite similar longevities of rhythms in both types of 700 m slices with the preBötC at one surface, their inspiratory patterns differed notably. These distinct burst patterns were analyzed in 33 rϩpreBötC[700] and 20 cϩpreBötC [700] slices with boundaries Ͻ150 m distant to the center of the preBötC. Fifteen of the cϩpreBötC[700] slices showed a eupnea burst pattern, whereas a eupnea-biphasic burst pattern was seen in the other five slices (Figs. 4 A, B, 5A ). In contrast, only 4 of the 33 rϩpreBötC[700] slices (12%) generated rhythm with either a eupnea or eupnea-biphasic burst pattern (two cases each), whereas the burst pattern included sighs in the other 29 slices (88%) (Fig. 5A ). In the latter group of slices, a stable eupnea-sigh burst pattern was seen in 21 cases (72%), whereas the rhythm consisted in the other 8 cases (28%) of a eupnea-sigh pattern with eupneic bursts of very small amplitude that disappeared in 3 cases after 30 -45 min of recording (Figs. 4 A, C, 5A) .
In six cϩpreBötC[700] slices with a eupnea burst pattern, the burst rate fell significantly between 20 and 80 min of recording, from 9.5 to 6.0 bursts/min, whereas amplitude increased during that time but duration and rise time did not change (supplemental Figs. S4, S5, available at www.jneurosci.org as supplemental material). In six rϩpreBötC[700] slices with a eupnea-sigh burst pattern, the amplitude of eupneic bursts increased significantly between 20 and 80 min, whereas sigh amplitude remained stable (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). Sigh rate decreased significantly from 1.9 to 0.7 bursts/min during that time period, whereas the eupneic burst rate (5.1 bursts/min at 20 min) did not change (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). Both, the duration and rise time of eupneic bursts (0.36 and 0.62 s at 20 min) decreased significantly (0.18 and 0.44 s) between 20 and 80 min (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). Neither the duration nor rise time of sighs changed during that time period (0.56 and 0.96 s at 20 min, respectively) (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). Further analysis of the dependence of burst patterns on the location of the preBötC in 700-m-thick slices revealed that rϩpreBötC[700] slices typically showed a major difference between the amplitudes of sighs and eupneic bursts and among eupneic bursts (Figs. 4C, 5A ). This difference was reflected by an irregularity score of sigh burst amplitudes that was significantly (ϳ2 times) higher between 0 and 80 min (n ϭ 8) than for eupneic bursts of uniform amplitude in the cϩpreBötC[700] slices (n ϭ 8) (Fig. 5B) . Similarly, burst rate was significantly more irregular in the rϩpreBötC[700] slices than in the cϩpreBötC[700] slices (Fig. 5C ). Also the rise time of sighs was significantly (approximately two times) longer than that of the eupneic bursts in the cϩpreBötC[700] slices (Fig. 5D ). After onset of in vitro apnea, TRH (0.5-100 nM) or rolipram (1 M) evoked the eupnea burst pattern, whereas SP (25-100 nM) or NK1 receptor agonist (2.5-10 nM) elicited rhythm with the eupnea-sigh burst pattern in both slice types (Figs. 3, 4 B, C) .
Effects of NK1 receptor antagonism on preBötC activity
We found that NK1 receptor activation in vitro induces the eupnea-sigh burst pattern in preBötC-containing medullary slices after onset of in vitro apnea. We thus tested whether NK1 receptors contribute to the generation of endogenous rhythm in 3 mM K ϩ . Bath application of the NK1 receptor antagonist GR82334 .70]W-P3 slice, the inspiratory rate slowed to 2 bursts/min after 185 min of recording, and rhythm stopped 3 min later. Such in vitro apnea was reversed by bath application of 6 mM K ϩ solution or the more specific respiratory stimulants TRH and rolipram. B, In a m-preBötC[500/Ϫ0.75]W-P2 slice, rhythm stopped 6 min after burst rate had dropped to 4 bursts/min after 2 h of recording. Eupneic bursts were activated by either 6 mM K ϩ or TRH, whereas SP induced bursting with a eupnea-sigh pattern. C, Burst rates of pharmacologically restored inspiratory rhythms in different preBötC slice types. After the onset of in vitro apnea, bursting was reactivated by 6 mM K ϩ , TRH, SP, the NK1 receptor agonist GR73632, and rolipram in the slice types shown in the dashed box. Bars show means Ϯ SEM; digits in bars indicate the number of slices. Additional horizontal plus vertical lines indicate the means Ϯ SEM of the control burst rate for those slices tested for a specific agent. Note that the values correspond to the combined average burst rate of slices that showed a dual burst patterns (i.e., a eupnea-biphasic or a eupnea-sigh pattern).
(2.5 M) for 5-15 min abolished the endogenous rhythm within 3-12 min in three of four m-preBötC[350] slices (Fig. 6 A, B) and reduced the burst rate to 21% of control in the fourth case. Within 15-25 min after starting the washout of the antagonist, the mean burst rate recovered to 37% of control (Fig. 6 A, B) . Because recording periods for this protocol lasted Ͼ1 h, the incomplete reversibility may reflect, at least in part, a timedependent reduction in endogenous burst rate.
Also, in five of nine m-preBötC[500] slices, GR82334 blocked the 3 mM K ϩ rhythm within 5-25 min after the start of the bath application. In two of these nine slices, the NK1 receptor antagonist decreased burst rates to 38 and 31% of control, whereas it had no effect in the remaining two cases. Recovery was maximal within 12-40 min after the start of washout of GR82334 but reached only 35% of control, similar to the incomplete recovery in 350 m slices (Fig. 6 B) . We thus tested whether this reflects an incomplete reversibility of GR82334. For this purpose, rhythm with a eupnea-sigh burst pattern was induced by bath application of GR73632 (5 nM) after onset of in vitro apnea in two m-preBötC [350] and two m-preBötC[500] slices (Fig. 6C,D) . In all these slices, GR82334 (2.5 M) abolished bursting within 3-14 min, but burst rate recovered very close to its initial rate of 14 Ϯ 1.2 bursts/min within 6 -22 min after the washout of GR82334 in the presence of the NK1 receptor agonist (Fig. 6 D, E) .
Ca
2؉ imaging of reconfiguring preBötC neurons Finally, we assessed with multiphoton/confocal Ca 2ϩ imaging whether both eupneic and eupnea-sigh burst patterns derive from separate or rather one reconfiguring preBötC network. In 16 rϩpreBötC[700] slices with the mean border 110 m caudal to the preBötC center, multineuronal activity was monitored during transitions from the eupnea-sigh burst pattern in 3 mM K ϩ to a eupnea pattern induced during in vitro apnea by TRH (1-100 nM), rolipram (1 M), or theophylline (2.5 mM). Transitions in burst amplitude and rate, recorded electrophysiologically in one preBötC area, were correlated with Ca 2ϩ transients in all inspiratory preBötC neurons imaged in the contralateral area 40 -70 m below the caudal slice surface. Specifically, 88% (TRH, n ϭ 68), 86% (rolipram, n ϭ 36), and 86% (theophylline, n ϭ 32) of preBötC neurons active during the endogenous eupnea-sigh burst pattern reconfigured to a eupnea pattern in response to the three agents (Fig. 7A) . The other cells did not show rhythmic Ca 2ϩ rises in response to the drugs, or to subsequent application of 6 or 9 mM K ϩ , indicating phototoxic cell damage (Yuste et al., 2006) .
In four different rϩpreBötC[700] slices with their surface ϳ50 m caudal to the preBötC center, GR73632 was used to reactivate a eupnea-sigh burst pattern of preBötC activity after onset of in vitro apnea. The NK1 receptor agonist induced inspiratory-related Ca 2ϩ oscillations corresponding to a eupnea- sigh burst pattern in 33 of 44 preBötC neurons that showed a similar pattern of Ca 2ϩ rises before in vitro apnea. The other 11 cells also did not respond subsequently to 6 -9 mM K ϩ , again suggesting photodamage. Importantly, after the washout of GR73632 and activation of eupnea with rolipram, Ca 2ϩ oscillations of uniform amplitude and frequency were evoked in the same 33 neurons that were active during the eupnea-sigh activity induced by GR73632 (Fig. 7B) .
Discussion
The rostrocaudal extents of neuronal networks sufficient and necessary for generation of inspiratory-related behaviors were identified in newborn rat brainstem slices in 3 mM [K ϩ ]. The findings suggest that a small kernel of inspiratory preBötC neurons reconfigures in favor of a eupnea-sigh pattern via regions rostral to the preBötC or transmitters acting like SP, whereas it reconfigures in favor of a eupnea pattern via caudal regions or transmitters acting like TRH.
A closer look at the preBötC The original report indicated that the preBötC extends ϳ225 m rostrocaudally in newborn rats (Smith et al., 1991) . Most studies since then used slices Ն500 m thick in elevated K ϩ to facilitate motor output via hypoglossal nerve roots (Richter and Spyer, 2001; Ramirez et al., 2002) . Slice boundaries that are necessary or sufficient for generating inspiratory rhythm have not been defined precisely. The original report in rats (Smith et al., 1991) and subsequent work in mice (Tryba et al., 2003) demonstrated that slices Ͼ500 m thick generate inspiratory-related bursts in 3 mM K ϩ , but only recently has it been shown that this behavior is stable for several hours . Here, we show that 250 m and 50% of 200-m-thin slices, containing a common (ϳ170 m) portion of the preBötC, also generate robust bilaterally synchronized, inspiratory-related rhythm for Ͼ1.5 h in 3 mM K ϩ . The other 50% of 200 m slices produced bilaterally asynchronous rhythm. Furthermore, two of seven slices with 175 m thickness slices generated either bilaterally asynchronous or unilateral activity. The lack of bilateral (synchronous) bursting in the thinnest slices could reflect uneven ipsilateral and contralateral sectioning or tissue impairment by the suction electrode, which both would weaken neuronal connectivity unilaterally and between the bilaterally distributed preBötC. This would reduce recurrent excitation within this net- work below the threshold for synchronized burst generation (Del Negro et al., 2002a,b) . As slice thickness is reduced, rhythmic burst amplitude decreases, presumably reflecting that fewer neurons are discharging in synchrony. Therefore, unilateral or no activity in slices Ͻ200 m may indicate a limited sensitivity of suction electrode recording. Nevertheless, we can conclude that the preBötC core sufficient for the generation of inspiratory rhythm is, at most, 175 m in neonatal rats (Fig. 8) . The preBötC kernel necessary for rhythm generation is notably smaller (Ͻ100 m, centered at 0.5 mm caudal to VII c ) when included with neighboring tissue (Fig. 8) . A more exact determination of this region is limited by the resolution of on-line histology, possibly in conjunction with variation between rats in the extension of respiratory marker nuclei. Important to note, drive from neighboring tissue in 700-m-thick slices results in a robust burst amplitude, even when one of their boundaries is Ͻ100 m distant to the center of the preBötC. That these rhythms in 3 mM K ϩ are inspiratory related, whether recorded unilaterally or bilaterally, is based on the observation that they disappear if the recording suction electrode is moved by a few hundred micrometers from the hot spot that is colocated with the preBötC in the ventrolateral aspect of the slice surface (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material).
A reconfiguring preBötC kernel All (except photodamaged) inspiratory preBötC neurons were active during Ca 2ϩ imaging of both eupnea and eupnea-sigh burst patterns, supporting the hypothesis of Lieske et al. (2000) that multiple inspiratory behaviors derive from one reconfiguring network. In extension of their findings in Ͼ500 m mouse slices, we show that inspiratory networks as thin as 250 m reconfigure under influence of specific neuromodulators (see below), indicating that this may be an intrinsic capacity of the preBötC kernel.
Origin of sighs versus biphasic bursts
The analysis of m-preBötC[500] slices showed that sighs and biphasic bursts can be distinguished by criteria such as amplitude, rise time, and the presence or absence of a second peak (supplemental material, available at www.jneurosci.org). However, they also share several features because their durations and rise times are both longer compared with eupneic bursts. A discrimination between these events is even more difficult in thin m-preBötC slices. On the one hand, the fact that the primary burst type in both m-preBötC slices is substantially larger and longer than intermittent eupnea-like bursts suggests that it is a sigh-like event. On the other hand, the shape of the larger-amplitude burst in the 250-m-thin slices resembles that of a sigh, whereas in the 200 m slices the shape is more consistent with a biphasic burst. It is possible that sighs and biphasic bursts constitute variations of one type of "augmented in vitro breath." Some yet unknown factors may determine whether the onset of the secondary event is earlier and its amplitude more pronounced (in the case of sighs), or whether its onset is delayed and of smaller amplitude (in the case of biphasic bursts). In line with this view, an initial eupnea-biphasic burst pattern could spontaneously transform into a eupnea-sigh pattern (supplemental Fig. S3B , available at www.jneurosci.org as supplemental material). It remains to be determined whether the occurrence of sighs versus biphasic bursts depends, for example, on (recurrent) mechanisms intrinsic to the emerging network of the preBötC kernel (Del Negro et al., 2002a,b) .
Spatiochemical organization of inspiratory networks
A eupnea or a eupnea-sigh burst pattern was typical in 3 mM K ϩ for 700 m slices lacking either tissue rostral or caudal to the preBötC, respectively. We hypothesize that these distinct inspiratory-related patterns reflect a spatial organization of the medullary inspiratory network. Structures caudal to the preBötC kernel appear to promote eupnea, whereas areas rostral to the kernel appear to promote sighs (Fig. 8) . These influences could derive from particular patterns of synaptic input including tonic drive, or specific neuromodulatory inputs as suggested by the differing effects of SP and TRH. Several brainstem structures neighboring the preBötC could account for this slice-typespecific behavior. For example, cϩpreBötC[700] and rϩpreBötC[700] slices may differ in the content of raphe obscurus versus raphe pallidus (Jacobs and Azmitia, 1992 ) that provide inputs to the ventral respiratory column (Holtman and Speck, 1994). In raphe neurons, SP and TRH colocate with other modulators, but not with each other (Kachidian et al., 1991) . Thus, their inputs to the preBötC may be organized in a rostrocaudal SP-TRH gradient. The ventral respiratory column is also organized asymmetrically with regard to the preBötC, with the Bötz-inger complex and the parafacial respiratory group/retrotrapezoid nucleus complex located rostrally and the rostral ventral respiratory group located caudally (Alheid et al., 2004) . These or others structures, or neuromodulators, may reconfigure the preBötC kernel to favor one type of burst pattern (Richerson, 2004; Feldman and Del Negro, 2006; Pace et al., 2007) . Although the mechanisms remain unknown, the hypothesized input from ros- (see B) . The rostrocaudal extension of the rhythmogenic preBötC kernel sufficient for generation of inspiratory rhythm in thin brainstem slices is, at most, 175 m, corresponding to the minimal thickness of slices with rhythmic activity in physiological (3 mM) K ϩ solution. In contrast, the extension that is necessary for rhythm in 3 mM K ϩ is possibly Ͻ100 m in 700-m-thick slices with the preBötC exposed at one boundary. The latter type of slices with the preBötC exposed to the rostral boundary generate rhythm resembling eupnea in vivo when receiving modulatory drive from caudal structures via a neurotransmitter(s) that acts like TRH and/or acts via increasing cAMP. Conversely, 700 m slices with the preBötC at the caudal surface generate an inspiratory pattern with a eupnea-sigh burst pattern provided by drive from structures rostral to the preBötC via a neurotransmitter(s) acting like SP on NK1 receptors. The rhythmogenic neurons of the preBötC kernel reconfigure their activity pattern after changes in the dominance of either drive.
trally neighboring structures increases the probability at which the preBötC kernel produces sighs, which are typically followed by an inhibitory period as in mouse slices (Lieske et al., 2000; Telgkamp et al., 2002) .
The importance of endogenous neuromodulatory drive in generating the typical pattern of sigh-like bursts and smaller eupnea bursts in the 200 -250 m slices is not known. Possible sources are axotomized synaptic terminals or raphe cells. That a modulator can specifically influence slice activity is clear because both SP and NK1 agonist induced, after in vitro apnea, the eupnea-sigh burst pattern in all slices Ն250 m thick. More significant is that NK1 receptor antagonist depressed endogenous activity in 3 mM K ϩ . We therefore hypothesize that SP is the transmitter of the rostral structures that promote a eupnea-sigh burst pattern. This view is consistent with previous findings in mouse slices in 8 mM K ϩ that a NK1 receptor antagonist depressed inspiratory rhythm (Telgkamp et al. 2002) , whereas SP increased the probability of sighs more than that of eupneic bursts (Lieske et al., 2000) and also restored rhythm during in vitro apnea (Pena and Ramirez, 2004) . This supports the proposed importance of NK1 receptors for modulation of inspiratory rhythm (Murakoshi and Otsuka, 1985; Rampin et al., 1993; Gray et al., 1999 Gray et al., , 2001 Morgado-Valle and Feldman, 2004) .
In contrast to NK1 receptor activation, TRH (Hedner et al., 1983; Funk et al., 1994 ) reactivated a eupnea burst pattern in slices Ն250 m thick during in vitro apnea. A direct involvement of TRH in rhythm generation was not tested because of lack of antagonists. Eupnea was also induced by the clinical phosphodiesterase-4 blockers rolipram and theophylline (Fredholm et al., 1999; O'Donnell and Zhang, 2004; , supporting the idea that cAMP stimulates the preBötC (Ballanyi et al., 1997 (Ballanyi et al., , 1999 Richter et al., 1997; Ballanyi, 2004 ). This also indicates that neurotransmitters that raise cellular cAMP such as serotonin via 5-HT 4(a) receptors Manzke et al., 2003) , configure the network in favor of eupnea. However, the mechanisms may be more complex because a membrane-permeant cAMP analog stimulated both eupneic and sigh bursts in mouse slices (Lieske and Ramirez, 2006b) . Pharmacological tools such as strychnine or modulators of metabotropic glutamate receptors that target either sighs or eupnea in mouse slices (Lieske et al., 2000; Lieske and Ramirez, 2006a,b) may be useful for dissecting the inspiratory patterns in the 3 mM K ϩ newborn rat preBötC slices.
